Motivation: The availability of powerful analysis tools will further understanding of genome organization and its relationship to phenotype in dynamical settings. Results: The 4D Nucleome Analysis Toolbox (NAT) is a user-friendly and powerful MATLAB toolbox for time series analysis of genome-wide chromosome conformation capture (Hi-C) data and gene expression (RNA-seq). NAT can load and normalize data, define topologically associating domains, analyse translocations, produce visualization, and study time course data. We provide examples that include time series data sets and karyotypically abnormal cell lines demonstrating the flexibility of NAT. Availability and implementation: https://github.com/laseaman/4D_Nucleome_Analysis_Toolbox
Introduction
Understanding three-dimensional genomic organization and how it changes over time (fourth dimension) will lead to increased understanding of development and disease as supported by the 4D Nucleome project (http://www.4dnucleome.org/). A popular tool for probing genome organization is genome wide chromosomeconformation capture (Hi-C) (Lieberman-Aiden et al., 2009) . A limiting factor in the use of Hi-C is the complex analysis required to produce biologically meaningful results.
Understanding the nucleome requires powerful and user-friendly analysis tools. Most currently available tools focus on alignment and initial read processing (Durand et al., 2016a; Lazaris et al., 2017; Servant et al., 2015) or visualization in the form of browsers (Durand et al., 2016b; Lazaris et al., 2017; Schmid et al., 2015) . Some of these tools (Durand et al., 2016b; Lazaris et al., 2017) can perform some analysis including defining domains, however, they are not easily customized or extended to perform additional analysis. Here we introduce 4D Nucleome Analysis Toolbox (NAT), a MATLAB toolbox for analysis and visualization of Hi-C data. Unlike previously available packages, we include methods capable of processing time series experiments (Chen et al., 2015) and data from abnormally karyotyped cells, which are common in cancer (Seaman et al., 2017) . Additionally, since NAT is written in MATLAB, it can be readily extended to include customized analysis based on the questions of interest in any dataset.
Methods
We created NAT, an open-source MATLAB toolbox (https://github. com/laseaman/4D_Nucleome_Analysis_Toolbox) for Hi-C data analysis including time series and karyotypically abnormal cell types. The toolbox includes functions necessary to (1) load Hi-C matrices into MATLAB, (2) normalize data using three different methods, (3) define topologically associating domains (TADs) using three different methods, (4) visualize translocations and (5) explore time series data.
NAT loads text files containing n Â n Hi-C matrices including those produced by Homer (http://homer.salk.edu/homer/inter actions/). The capability to load .cool files (http://dcic.4dnucleome. org/data%20standards/) is also included. Provided functions can read data into MATLAB while simultaneously detecting Three different methods can then be used to normalize matrices (example in Load_Normalize.m). Iterative correction and eigenvector decomposition (ICE) normalization assumes that genomic regions (bins) should have equal coverage and therefore the same total number of reads (Imakaev et al., 2012) . Toeplitz normalization reduces the diagonal dominance of Hi-C matrices to create an adjacency matrix for graph-based analysis (Chen et al., 2015) . Copy number normalization extends Toeplitz normalization for use on karyotypically abnormal cell lines by normalizing constant copynumber submatrices (Seaman et al., 2017) .
After normalization, one of three different methods can be used to define TADs. TADs are genomic regions with many intra-domain interactions and are sub-regions of A/B compartments (Dixon et al., 2012; Lieberman-Aiden et al., 2009) . First, the directionality index uses a hidden Markov model to define domains and boundaries (Dixon et al., 2012) . Second, dynamic programming is used to define TADs whose scale can be easily adjusted though a tuning parameter (Filippova et al., 2013) . Third, the iterative method is based on graph partitioning using network properties. TAD_methods.m includes examples of all three methods on chromosome 22 from human fibroblasts.
For cells with abnormal karyotypes, translocations can be visualized and analysed (examples in TranslocationAnalysis). Sites of translocations are found by plotting the interchromosomal matrix at 100 kb and read resolution (Fig. 1A and B) . The X pattern indicates the site of translocation and shows the interactions between normally separate chromosome arms. Combining portions of the chromosome 6 and 14 matrices creates a matrix representing the translocated chromosome (Fig. 1C , Seaman et al., 2017) . Additional visualization tools plot the chromosome contact matrices with TAD boundaries overlaid, the A/B compartments, and gene expression (Fig. 1D) .
NAT also includes functions to visualize time series structure and function data as well as phase portraits (Fig. 1E and F) . A phase portriate is a visualization of a numerical summary of the dynamics of structure and function at any genomic scale (chromosome, TAD, or gene) (Chen et al., 2015) . In a phase portrait, the x-axis shows the structure as measured by Fiedler number or Vonn Neumann entropy of Hi-C matrices, while the y-axis shows function as measured by gene expression. The Hi-C matrix and RNA-seq vector from each time point in Figure 1E becomes a single point in Figure 1F . Figure 1F is a phase portrait for Chromosome 22 using time series data from human fibroblasts. PhasePortrait.m also shows a TAD's phase portrait as well as loading and binning RNA-seq data, making the RNA-seq easy to compare to Hi-C data.
Conclusions
NAT provides easy to use and flexible functions to help with analysis of Hi-C datasets and other genomic features including RNA- (Chen et al., 2015) seq. NAT can form a foundation for analysing Hi-C time series data from any species or cell type, including those with altered karyotypes. The availability of robust and easy to use analysis tools, like NAT, helps move the field forward.
